S U M M A R Y Identification of the strain of agent responsible for bovine spongiform encephalopathy (BSE) can be made histologically through the analysis of both distribution and intensity of brain vacuolar lesions after BSE transmission to mouse. Another useful way to distinguish the BSE agent from other prion strains is the study of the distribution of the abnormal prion protein (PrP res ). For that purpose, paraffin-embedded tissue blot (PET-blot) method was applied on brains from C57Bl/6 mice infected with cattle BSE, experimental sheep BSE, or feline spongiform encephalopathy (FSE) from a cheetah. PrP res distribution was comparable, whichever of the three BSE agent sources was considered and was distinct from the PrP res distribution in C57Bl/6 mice inoculated with a French scrapie isolate or with a mouse-adapted scrapie strain (C506M3). These data confirm a common origin of infectious agent responsible for the British and French cattle BSE. They also indicate that PET-blot method appears as a precise complementary tool in prion strain studies because it offers easy and quick assessment of the PrP res mapping. Advantages and limits of the PET-blot method are discussed and compared with other established and validated methods of strain typing. (J Histochem Cytochem 54:1087 -1094 , 2006 K E Y W O R D S bovine spongiform encephalopathy mouse paraffin-embedded tissue blot prion scrapie strains PRION DISEASES including scrapie in sheep and goats, bovine spongiform encephalopathy (BSE) in cattle, and Creutzfeldt-Jakob disease in human beings are fatal neurodegenerative disorders. Existence of distinct clinical forms of scrapie in sheep, including nervous and itching types, was first described in 1926 by Stockman (Pattison 1988) . Transmission of this disease to goats also led to the observation of different clinical forms (Pattison and Millson 1961) . A significant advance in scrapie research resulted from the successful transmission of the disease to mice by Chandler (1961 Chandler ( ,1963 , who described different mouse susceptibilities to different scrapie isolates. Subsequent studies demonstrated many different phenotypic expressions of the disease in rodents. These observations led to the ''strain'' concept in the field of transmissible spongiform encephalopathies (TSEs), strains being defined by specific incubation periods, clinical signs, and neuropathological features such as distribution and intensity of spongiform changes (lesion profile) observed in different inbred mouse lines (Chandler 1963; Dickinson et al. 1968; Fraser and Dickinson 1968) . Numerous experimental scrapie strains have been characterized using transmission to mice (Bruce 1991 (Bruce ,1993 showing, at the same time, important interactions between the strain of TSE agent and genetic features of the host Bruce et al. 1991) . The use of mice for strain typing became particularly important with the appearance of BSE in cattle in 1986 (Wells et al. 1987) , and this approach demonstrated that a number of different species including humans, cats, and some captive wild animals had probably been infected by the BSE agent (Fraser et al. 1994; Bruce et al. 1997; Hill et al. 1997) .
The abnormal prion protein is derived from a normal host protein (PrP c ) and accumulates in the brain mainly as an insoluble and partially proteaseresistant form of the protein (PrP res ) during the course of the disease (McKinley et al. 1983 ). This abnormal protein is the only known specific marker for these diseases (Bolton et al. 1982) . It contributes to the identification of the strain of TSE agent in the natural host as well as in mice experimentally infected (Jeffrey et al. 2001; Stack et al. 2002; Baron et al. 2004 ). In particular, in natural hosts, the histological straintyping analyses are based on the fine study of differential PrP immunohistochemical (IHC) labeling of neurons and glial cells at the cellular level (Gonzalez et al. 2003) , but in wild-type or transgenic mice this method has not yet been reported, and the neuroanatomical distribution of pathological PrP is used as a strain typing parameter (DeArmond et al. 1987 (DeArmond et al. ,1993 Bruce et al. 1993 Bruce et al. ,1994a Green et al. 2004) .
The present study investigated the distribution of PrP res accumulation in the brains of C57Bl/6 mice inoculated with three different origins of BSE agent and with two scrapie agents. Using an original method, PrP res distribution in mice was assessed with PET-blot that allowed easy, rapid, and precise identification of the neuro-anatomical distribution of PrP res in situ (Schulz-Schaeffer et al. 2000b ). Limitations and advantages of this method are discussed using the example of transmission of BSE and scrapie to mice that show distinct BSE signature in terms of PrP res distribution.
Materials and Methods
Four-to 5-week-old female C57Bl/6 mice (Charles River; L'Arbresle, France) were intracerebrally challenged with 20 ml of an inoculum prepared from infected brain tissues from different affected species with TSEs as described in Table 1 , diluted in physiological glucose at 1% for serial passages in wild-type mice, or at 10% for passage from ovine transgenic mice. Mice were inoculated after anesthesia and cared for and housed according to the guidelines of the French Ethical Committee (decree 87-848) and European Community Directive 68/609/EEC. Once inoculated, mice were regularly observed twice weekly. When the first clinical signs occurred, evolution of the disease was followed daily as recommended by others Bruce et al. 1991; Thackray et al. 2002) . When the intensity of clinical symptoms appeared life threatening, mice were sacrificed, and brains were quickly collected and fixed in 4% buffered paraformaldehyde (n56 to 13 per group). Four coronal brain sections were prepared as originally described by Fraser and Dickinson (1968) . Most of the brains were cut using a dedicated matrix allowing the standardization of the level of sections as well as assuring symmetrical sections. Brain pieces were then placed in a cassette, routinely dehydrated, and embedded in paraffin.
PET-blot Analysis
PET-blot method was used as previously described with few changes, in order to visualize in situ the resistant form of abnormal PrP, PrP res , after digestion with a high concentration of proteinase K (PK) (Schulz-Schaeffer et al. 2000b ). Five-mm paraffin sections were cut and collected onto 0.45-mm pore nitrocellulose membranes (Bio-Rad Laboratories; Marnes-la-Coquette, France) and then dried for 1 hr at 55C. Membranes were dewaxed by immersion in xylene (45C, 20 min) and rinsed in isopropanol 100 (23 10 min) followed by stepwise rehydration. Membranes were dried at room temperature. After wetting with TBST (10 mM Tris HCl, pH 7.8, 100 mM NaCl, 0.05% Tween 20; Euromedex, Mundolsheim, France), enzymatic digestion was performed using 250 mg/ml PK (Roche Diagnostics; Meylan, France) in a buffer consisting of 10 mM Tris HCl, pH 7.8, 100 mM NaCl, 0.1% Brij 35 for 8 hr at 55C, so that only PK PrP res will be detectable. After washing with TBST, sections were treated for 10 min with guanidine isothiocyanate (3 M). Guanidine was washed out five times in TBST. Immunodetection was performed after preincubation in blocking solution (skimmed milk diluted at 0.2% in TBST). Monoclonal antibody used was SAF84 (1/2000) overnight at room temperature. After three washes in TBST, a phosphatase alkaline-coupled anti-mouse antibody (Clini-Sciences; Montrouge, France) was used (1/500 in TBST, 37C, 45 min). Membranes were washed three times in TBST and pH was adjusted to 9 by incubating in NTM buffer (100 mM Tris-HCl, pH 9.5, 100 mM NaCl, 50 mM MgCl 2 ). Finally, 5-bromo 4-chloro 3-indolyl phosphate/nitroblue tetrazolium (BCIP/ NBT; CliniSciences) was used to visualize the reaction product (dark blue deposits). PET-blot membranes were assessed using a stereomicroscope (Olympus; Rungis, France) coupled to an image analysis workstation (Biocom; Les Ulis, France). To better define the different structural levels actually targeted by PrPres deposition that was not possible to confidently assign using PET-blot, we used PrP IHC or hematoxylin/eosin-stained serial sections as well as mouse brain atlas (Sidman et al. 1971) .
Brain sections of uninfected C57Bl/6 mice and PrP 0/0 mice were also used to check that no specific staining was observable on such tissue control.
Results
Specific Detection of PrP res Using PET-blot Specificity of PET-blot was confirmed by the results obtained on brain stem and cerebellum samples of unin- fected mice that did not present any staining ( Figure 1C ) in comparison to the PrP res labeling visualized in the same structures in mice infected with scrapie or BSE agents ( Figures 1A and 1B) . Detail of the cerebellum in the stratum moleculare (sm) of mice affected with these two agents shows the ability of this method to detect different types of PrP res accumulation that remain remarkably accessible despite being quite unrefined as compared with IHC data.
PrP res Profiles in Brain of Infected Mice with Scrapie Agents and BSE Figure 2 shows comparative views of PET-blot analysis of brain sections from C57Bl/6 mice inoculated with different TSE sources such as a French natural scrapie case Scr1 (three mice, analyzed on two sections) (row 1), a murinized scrapie strain, C506M3 (two mice, analyzed on two to four sections) (row 2), a British cow naturally affected with BSE (two mice analyzed on two sections) (row 3), an experimentally infected sheep with French BSE (row 4) (seven mice analyzed on one to three sections), and a cheetah diagnosed with FSE in France (one mouse analyzed on two sections) (row 5), as indicated in Table 1 .
Results are presented to compare PrP res distribution for each anatomical level (four sections) of the different experimentations. The description was performed on the brain of mice infected with scrapie compared with mice infected with BSE sources, in order to identify which brain areas could better allow BSE and scrapie discrimination. The main distinct areas identified between BSE and scrapie sources are summarized in Table 2 .
First Level of Brain Section
In the cortex of mice infected with cattle BSE, cheetah FSE, and experimental ovine BSE, dense PrP res deposits were observed in some specific layers, whereas others were spared except in the insular area located in the lateroventral region of the cortex that shows a dense zone of PrP res accumulation (Figure 2 , column 1, rows 3-5). The limiting glia also accumulated significant amounts of PrP res for these three experiments. Comparatively, in mice infected with the two scrapie agents, PrP res accumulation was dense and homogeneous, affecting all cortical layers except the limiting glia (Figure 2 , column 1, rows 1 and 2).
In the caudate putamen nuclei, dense clusters of PrP res deposits were always identified with more or less intensity (rows 3-5) in mice infected with BSE agent. In comparison, this type of labeling was never observed with scrapie agents in this site (rows 1 and 2).
In the central area of the para-terminal body (septal nucleus), a weaker PrP res accumulation was observed in comparison to the periphery of this structure in mice infected with BSE sources (rows 3-5). In comparison, in mice infected with scrapie agents (rows 1 and 2), a homogeneous PrP res accumulation was visualized.
In the ventral limit of the diagonal band of Broca (glia limitans), dense amounts of PrP res were identified in mice infected with BSE (rows 3-5), which was not observed in mice infected with scrapie agents (rows 1 and 2).
Second Level of Brain Section
In the cortex, identical criteria as presented for the first section are maintained allowing the differentiation of BSE from scrapie agents.
In the hippocampus, specific PrP res accumulation occurred with all three BSE sources. The stratum lacunosum moleculare of the hippocampus (CA2 region) was specifically stained for PrP res as well as the limiting zone of the sm of the dentate gyrus where a dense PrP res accumulation was observed. In the hippocampus of mice infected with scrapie, all molecular layers accumulate significant amounts of PrP res delimitating the dentate gyrus that appear unlabeled (Figure 2 , column 2, rows 1 and 2).
In the thalamus and hypothalamus of mice infected with the three BSE sources, PrP res was detected as well in both structures (Figure 2 , column 2, rows 3-5). In comparison, in mice infected with scrapie sources, PrP res accumulation was significantly more important in the thalamus.
Third Level of Brain Section
In the cerebral cortex and in the hippocampus (Figure 2 , column 3), the previously described particularities of PrP res profiles in either BSE or scrapie sources were also maintained in this third brain section, both in mice infected with BSE and in mice infected with scrapie.
In the mesencephalon, PrP res accumulation was relatively homogeneous in this section with the BSE agent. However, the nucleus corporis geniculati, the nucleus mammilari, the stratum superficiale colliculi, and the pars compacta of substantia nigra accumulate large amounts of PrP res . Figure 1 Paraffin-embedded tissue (PET)-blot analysis of the proteinase K (PK)-resistant form of the prion protein (PrP res ) (dark blue deposits) in the brain stem and cerebellum of mice infected with scrapie (A) and bovine spongiform encephalopathy (BSE) (B). Control section from a non-infected mouse shows absence of PrP res labeling (C). g, granular layer; m, molecular layer.
In comparison, in mice infected with the French scrapie agent, PrP res accumulation was particularly intense in these four nuclei compared with other adjacent structures that accumulate lesser amounts of PrP res . With C506M3 scrapie strain, PrP res accumulation in this structure was nearly identical to that induced by the BSE agent, but the red nucleus also accumulated high amounts of PrP res .
Fourth Level of Brain Section
In the cerebellum (Figure 2 , column 4) of mice infected with BSE, a homogeneous PrP res accumulation was observed in the stratum granulosum (sg), and numerous dense aggregates occurred in the sm (Figure 1 and Figure 2 ). Com-paratively, in mice infected with scrapie agents, similar PrP res distribution was observed in the sg, but PrP res accumulation appears as homogeneous stripes in the sm perpendicular to the cerebellar surface (Figure 1 and Figure 2) .
In mice infected with BSE, more abundant PrP res accumulation was observed at the level of the pons when compared with posterior and anterior sections. This was not easily illustrated here because levels of sections were not strictly identical.
Features of BSE Strain From a Cow Successively
Passaged in Sheep, TgOvPrP4, and C57Bl/6 Mice PET-blot method was also performed to study PrP res distribution in C57Bl/6 mice (n52) infected with Figure 2 Neuro-anatomical distribution of PrP res (PET-blot) in the brain of C57Bl/6 mice infected with natural scrapie case (row 1), C506M3 mouse-adapted scrapie strain (row 2), BSE agent from a cow (row 3), ovine BSE (row 4), and FSE agent from a cheetah (row 5). The different sources of BSE agent induced a uniform abnormal PrP distribution distinct from those seen in the case of scrapie sources. FC, frontal cortex; CC, cingulated cortex; CA, caudate putamen; PB, paraterminal body; CP, caudate putamen; PC, parietal cortex; TC, temporal cortex; H, hippocampus; T, thalamus; HT, hypothalamus; SSC, stratum moleculare of the cerebellum; NCG, nucleus corporis geniculati; NR, nucleus rubber; SN, substantia nigra; NM, nucleus mammilaris; NC, deep nuclei of the cerebellum; snpc, substantia nigra pars compacta.
the BSE agent transmitted to ovine transgenic mice (TgOvPrP4 mouse line expressing the A136 R154 Q171 ovine PrP protein) after a first experimental passage from cattle to sheep (A136 R154 Q171 homozygous genotype of the prnp gene).
Neuro-anatomical PrP res distribution in infected C57Bl/6 mice is illustrated in Figure 3 at only three levels of brain sections compared with Figure 2 . Apparent differences are observed at the level of the thalamus compared with that shown in Figure 2 (column 2, row 3), and these are linked to a less-intense accumulation and to a level of the tissue sections slightly more rostral in Figure 3 compared with sections of Figure 2 (column 2). However, PrP res distribution is quite comparable to that previously described in C57Bl/6 mice directly infected with cattle BSE or with experimental ovine BSE. Hallmarks of BSE infection that have previously been described distinct from mice infected with scrapie sources were also present in the cortex, hippocampus, and brain stem, as well as in the cerebellum.
Discussion
Among the different approaches for studying TSE strains after transmission of the disease to mice, topographical distribution of the abnormal form of the prion protein has a significant place, in particular because of its specificity compared with the study of vacuolar lesions. It is more and more studied using PrP IHC but does not appear easily and precisely transcript-able onto a map of the mouse brain. PET-blot method seems to offer the most adapted strategy to study PrP res brain distribution rapidly and precisely. Here we assessed this strategy successfully on C57Bl/6 mice infected with different TSE sources.
Sensitivity of this method was previously demonstrated for diagnosis of BSE in cows (Schulz-Schaeffer et al. 2000a ). In addition to its high sensitivity, this method allows greater anatomical resolution when compared with histoblots (Telling et al. 1994; Scott et al. 1999) . Indeed, the use of fixed and paraffin-embedded tissues before PK digestion offered better preservation of the samples compared with histoblot method performed on unfixed frozen samples. As for histoblot, PET-blot approach is similar to the Western blot method because of the extensive pretreatment with PK that ensures complete digestion of all proteins including PrP c , whereas abnormal PrP is only partially degraded to PrP res (Schulz-Schaeffer et al. 2000a ,2000b Ritchie et al. 2004) . Even more precisely, PK conditions used in the PET-blot method are more severe than those used in the Western blot method (Baron et al. 2004) .
Remarkably, even if this method lacks high cellular precision, it is possible to distinguish different types of PrP res deposition. However, these criteria cannot be used instead of a precise cellular analysis that only IHC offers. Advantageously, PET-blot method also offers the possibility to analyze old tissue block collections of paraffin-embedded samples that represent an important source of archival materials. Above all and without Figure 2 . PrPres, protein-resistant prion; PET-blot, paraffin-embedded tissue blot. Figure 3 Neuro-anatomical distribution of PrP res (PET-blot) in three sections of brain of C57Bl/6 mice infected with a brain homogenate from TgOvPrP4 infected with ovine BSE (successive transmission of cattle BSE to a sheep, then to TgOvPrP4 mice, and finally to C57Bl/6) revealed a PrP res distribution reminiscent of the one described for the other BSE sources illustrated here.
doubt, the main advantage of the PET-blot is a rapid and acute approach to examine PrP res distribution in the infected brain. Nevertheless, PET-blot data cannot be considered alone to establish the identification of a given strain because, in some cases, PrP res is present at a minimal or undetectable level (Lasme´zas et al. 1997) . PrP res is also not correlated with the presence of vacuolar lesions (Manson et al. 2000) . In any case and even though the distribution of vacuolar degeneration is most often closely correlated with the distribution of abnormal PrP accumulation in infected mice (Bruce et al. 1989 (Bruce et al. ,1994b ), a precise comparison of both approaches with different prion strains is needed to validate this method, as the lesion profile method benefits from several years of experience.
Identification of Scrapie Agents
Although all three groups of mice infected with BSE or FSE showed a consistent pattern of PrP distribution, this pattern was easily differentiated from that found with two different scrapie sources. This included an experimental mouse-adapted scrapie strain (C506M3) and transmission in C57Bl/6 mice from a French natural scrapie isolate (Scr1). Molecular studies following transmission in wild-type and ovine transgenic mice of this Scr1 isolate have recently been described (Baron et al. 2004 ). Our study now extends these observations to the characterization of PrP res distribution in the brain of C57Bl/6 mice.
Differences observed between scrapie and BSE sources in PrP res brain targeting argues for a selective spread of the infectious agent. Specific neural cells appear to accumulate abnormal PrP, which could be the result of differential cellular susceptibilities, PrP res processing, and tropism following infection with different agents. Other preliminary results showed that with mouse-adapted scrapie strains 79A and 22A inoculated into C57Bl/6 mice, abnormal PrP brain distribution is clearly different not only from BSE but also from Scr1 and C506M3 scrapie sources studied here (data not shown). Thus, the present data suggest that this approach may also be useful for scrapie strain typing.
In the present study, identification of the precise scrapie agent isolated from the French sheep scrapie case is still not possible, as only partial results have been published previously about abnormal PrP distribution in the brain of mice infected with experimental scrapie. However, similar abnormal PrP accumulation has been reported in C57Bl/6 inoculated with the scrapie strain ME7, which presented identical prion accumulation in the hippocampus and cerebellum (Bruce et al. 1994b) . A characteristic zonal pattern of abnormal PrP in the molecular layer of the cerebellum was also described, labeling appearing as stripes perpendicular to the cerebellar surface that was considered to be associated with the dendrites of Purkinje cells (Bruce et al. 1994b ). Furthermore, intense abnormal PrP accumulation in the hippocampal area was also described with ME7 (Bruce et al. 1994b) . These data suggest that the isolated strain of the present scrapie case may be a ME7-like strain. PET-blot data obtained by another group with ME7 in C57Bl mice in sagittal brain sections also showed comparable results (Schulz-Schaeffer et al. 2000b ). Actually, PrP res distribution differences observed with our isolate Scr1 and C506M3 experimental scrapie strain are faint and both agents present similarities with ME7 (hippocampal and cerebellar PrP res signature). Furthermore, ME7 strain is one of the most commonly isolated strains by passage in mice from different cases of natural scrapie, at least in the UK (Bruce and Dickinson 1987; Bruce et al. 2002) .
To the best of our knowledge, characterization of French scrapie by transmission in wild-type mice has only been described for a single scrapie case (Lasmézas et al. 2001) . In this case, vacuolar lesion profiles found following transmission in C57Bl/6 mice were clearly different from that observed in mice infected with C506M3 strain. However, comparisons of these data could support the hypothesis that different strains of scrapie affect French sheep flocks, which is also observed in the UK.
Identification of the BSE Agent Among Species
The infectious agent responsible for BSE has been previously isolated from different cattle sources, and transmission studies in mice have revealed the existence of a single major strain of agent (Bruce et al. 1994a (Bruce et al. ,2002 Green et al. 2005) . These studies also showed that the BSE agent was unchanged when passaged through a range of different species (Foster et al. 1996; Bruce et al. 1997) , and our PET-blot study now provides additional data sustaining the BSE strain stability among species. First, PrP res distribution substantiates further that ARQ/ARQ sheep experimentally infected with a brain homogenate from a French BSE cow developed a TSE due to the BSE agent inoculated with similar properties to the BSE agent isolated from British cattle also studied here (Baron et al. 2000; Lezmi et al. 2004 ). PET-blot data are also sustaining the hypothesis of a common origin of cattle BSE epidemic in France and the UK, as previously demonstrated for the Swiss cases by the study of vacuolar lesion profiles (Bruce 1996) .
Here we showed that PrP res study allows the identification of the BSE agent, especially by analyzing the cortex, hippocampus, thalamus/hypothalamus, and cerebellum areas that appeared to be the best BSE discriminative regions. In another recent study, specific amounts of abnormal PrP were detected by IHC in other brain areas such as the locus coeruleus, facial nucleus, and cochlear nucleus (Green et al. 2005) . Accumulation of PrP res was marked only in the cochlear nucleus in this study, but this staining was also observed in the two scrapie agent transmission studies.
With regard to the agent isolated from the cheetah affected with FSE, analysis of PrP res distribution suggested a possible link with the BSE agent originating from cattle. Even if lesion profile studies are needed to confirm this hypothesis, this observation is consistent with data previously reported using the lesion profile method in mice infected with FSE from three domestic cats (Fraser et al. 1994) . Biochemical analyses also showed high levels of di-glycosylated form of PrP res in cheetah and in mice infected with FSE, as generally reported with the BSE agent. These similarities again suggest that BSE and FSE in different feline species may be due to the same infectious agent.
Finally, analysis of PrP res brain distribution in C57Bl/6 mice infected with a brain homogenate of transgenic mice expressing the sheep prion protein (TgOvPrP4) (Crozet et al. 2001b) infected with ovine BSE also revealed the PET-blot typical BSE signature. This result argues for the BSE strain stability even after passage in a murine transgenic model, which apparently did not induce changes of the BSE agent strain property. The BSE agent was indeed easily recognized by PET-blot approach following transmission to C57Bl/6 mice, as well as by its molecular features (Baron et al. 2004 ).
In conclusion, although PET-blot may have some limitations, the advantage is that this method identifies the PK-resistant form of the prion protein, PrP res , in situ and allows the rapid and accurate identification of the distribution of PrP res in brain, thus describing the type of strain for the agent responsible for the different TSEs. PET-blot approach should be considered as a complementary method in strain typing studies in murine models.
